Inhibition of human phenylethanolamine N-methyltransferase (hPNMT) has been proposed as a method for the treatment of several mental processes which related on adrenaline metabolism. We performed in silico screening to identify flavonoid inhibitors of hPNMT using automated docking method and selected 9 inhibitor candidates based on ligand score (LigScore) and binding free energy (∆Gbind) estimation. Among 9 flavonoid candidates, 7 flavonoids belong to flavones while the rest of them belong to flavanone. All candidates have common chemical features; two hydrogen bond interactions with side chain of Lys75 and backbone carbonyl oxygen of Asn39, and two hydrophobic interactions. One hydrophobic site is formed by Val53, Leu262, and Met258 and the other is made up of Phe182, Ala186, Tyr222, and Val269. This study can be helpful to understand the structural features for inhibition of PNMT and showed flavonoids as promising inhibitor candidates for hPNMT.
Introduction
N-Methylation is a prominent pathway for the metabolism of several endogenous hormones and neurotransmitters. This reaction occurs via transfer of a methyl group from S-adenosyl-L-methionine (SAM) to nucleophilic amino groups, leading to the production of N-methylated metabolites and S-adenosylhomocysteine (SAH).
1 Adrenaline (or epinephrine) accounts for 5 -10% of total catecholamines in the central nervous system (CNS). 2 Adrenaline is synthesized in vivo from noradrenaline in a reaction catalyzed by phenylethanolamine N-methyltransferase (PNMT), a 30 kDa enzyme that utilizes the cofactor SAM to methylate the amine of noradrenaline. 3 PNMT is employed as a catecholamine biosynthetic marker, and the presence of PNMT-containing neurons in the brain suggests that CNS adrenaline is involved in the central control of blood pressure, respiration, and pituitary hormone secretion. 3 It has been implicated in the effects of ethanol intoxication and neural degeneration observed in Alzheimer's disease. 4, 5 There have been efforts to develop potent PNMT inhibitors as angina pectoris, myocardial infarction and anxiety neuroses agents. 6, 7 Flavonoids have various biological activities such as antioxidant, antibacterial, and anticancer effect. 8, 9 It has been reported that flavonoids play roles in inhibition of catecholamine-metabolizing enzymes. 10 Therefore flavonoids may act as inhibitors of PNMT. In this study, we performed highthroughput in silico screening with automated docking and proposed a binding model between hPNMT and flavonoid. Finally, we suggested important features to design of potent flavonoid inhibitors of hPNMT.
Methods
In silico screening with automated docking. To find potent flavonoid inhibitors of hPNMT, docking study was performed using AutoDock (version 4.2) 11,12 based on X-ray complex structure of hPNMT and inhibitor SK&F 29661 (1HNN.pdb). 3 The Lamarckian genetic algorithm (LGA) was used for ligand conformational searching and the default parameters are used for docking. Flexibilities of protein and ligand were incorporated in simulations and the binding free energies (∆Gbind) were estimated for the docked flavonoids. 11, 13 The docking parameters included a trials of 100 dockings, random starting position and conformation, translation step ranges of 2 Å, rotation step ranges of 30°, mutation rate of 0.02, crossover rate of 0.8, 15 million energy evaluations, and a maximum 20,000 generation. More than 500 flavonoids from Indofine Chemical Company (Belle Mead, NJ) were included in our database. We selected potential inhibitor candidates of hPNMT from the calculation of LigScore and ∆G bind .
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Results and Discussion
A known inhibitor SK&F 29661 and several inhibitors of PNMT accept hydrogen bonds directly with Lys57, Glu219, and Asp267 of hPNMT. 16 Among them, a hydrogen bond between Lys57 and inhibitor is critical for inhibitory activity against hPNMT. 17 We defined the active site of hPNMT around the center of inhibitor. Docking study was performed with consideration of flexibility of compound and protein.
Since the structural flexibility of side chain of Lys75 has been studied extensively, 17 we assigned Lys57 as flexible residue in our docking study.
45 flavonoids were fit to the active site of hPNMT and finally we selected 9 flavonoids as candidates from the estimation of LigScore and Gbind. The LigScore is a scoring function that predicts the affinity of ligand-receptor binding. 14 One of the advantages of AutoDock allows a calculation of ∆Gbind and prediction of binding constants for docked igands. 11, 13 ∆Gbind of the protein-ligand complex is simply calculated by the following equation (1).
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Here, ∆Gcomplex is the free energy of protein-ligand complex. ∆Gprotein is the free energy of protein while ∆Gligand is the free energy of ligand. The low ∆G bind implies a good binding affinity. Distribution (population %) of ∆Gbind of 45 initial hit flavonoids was depicted in Figure 1 and ∆Gbind of 45 flavonoids ranged from -13.3 to + 5.75 kcal/mol.
For final selection of candidates, we collected the structural information of 10 known PNMT inhibitors from world patent and calculated the LigScore and ∆G bind of these 10 known inhibitors and SK&F 29661. [19] [20] [21] LigScore of all 11 PNMT inhibitors were in the range of 4.81 to 7.24 and ∆Gbind were in the range of -10.2 to -13.3 kcal/mol. Experimental binding constants (Ki) of these inhibitors ranged from 0.26 to 0.97 µM. The typical inhibitor SK&F 29661 show 6.92 of LigScore and -13.3 of ∆G bind . Therefore, we selected flavonoids with LigScore > 5 and ∆Gbind < -10 kcal/mol. LigScore and ∆Gbind of selected 9 flavonoids are listed in Table 1 .
Among 9 flavonoids, seven belongs to flavones and the rest of them are classified as flavanone. Structures of hits are shown in Figure 2 . Flavones are classes of flavonoids with the backbone of 2-phenylchromen-4-one and flavanones are based on the structure of 2-phenylchroman-4-one which has one less double bond in C-ring.
All hit flavonoids have two hydrogen bonds and two hydrophobic interactions with hPNMT. Carbonyl oxygen of flavonoid C-ring formed a hydrogen bond with NH of Lys57 side chain. OH group of C-or B-ring participated in the hydrogen bonding interaction with backbone carbonyl oxygen of Asn39. Two hydrophobic interactions are formed. First interaction site is formed by Leu262, Val53, and Arg44, and second site is near the Phe182, Ala186, Tyr222, and Val231. As compared with the crystal structure of PNMT, inhibitor of SK&F 29661 forms several hydrogen bonding interactions with Glu219, Lys57, and water-mediated hydrogen bonds, but it forms only one hydrophobic interaction with Phe182, Asn39, and Val269 which correspond to the first hydrophobic site at the interaction model between flavonoids and hPNMT. In Figure 2 , we depicted the 2D structures and common pharmacophore of 9 hit flavonoids. The docking models in Figure 3 showed that side chain of Lys57 was adapted to the docking complex resulting in movement of side chain about 1.2 Å. Original conformation of Lys57 was depicted in magenta and the side chain of Lys57 in docking structure was shown in cyan. Movement of Lys57 side chain represented by the red arrow allowed flavonoids to fit into the active site of PNMT.
Among the 9 flavonoids which can be possible inhibitors of hPNMT, compound 5 was the most potent candidate because it has the highest LigScore (6.70) as well as the lowest ∆Gbind (-13.1). Compound 4 and 6 also can be potential candidates of PNMT inhibitors but their scoring values were slightly less than compound 5. This result can be explained by the difference of hydrophobic interaction between hPNMT and flavonoids. Hydroxyl group of A-ring and carboxyl group of C-ring of compound 5 participated in hydrogen bond with side chain of Lys57 and backbone of Asn39, respectively. The methoxy group of A-ring formed a hydrophobic interaction with first phobic site including aliphatic hydrophobic residues such as Leu262 and Val53 (Figure 3) . B-ring of compound 5 participated in the hydrophobic interaction with the second phobic site. In the case of compound 4 and 6, the hydrogen bonding interactions were identical with those of compound 5 but the hydrophobic interactions were different from those of compound 5. The first hydrophobic site was occupied by a ring (B-ring) and second phobic site was grasped by methoxy group of 4 and 6 instead of aromatic ring. As shown in Figure 3 , although the second hydrophobic site included two aromatic hydrophobic residues (Phe182 and Tyr222) and two aliphatic residues (Ala186 and Val231), the aromatic stacking interaction would be more favorable than aliphatic hydrophobic interaction for their inhibitory activity against hPNMT.
Automated docking process for hPNMT and flavonoid was successfully performed. From the docking model we proposed here the important key features for interactions between inhibitor and hPNMT and that hit flavonoids can be potent inhibitors of hPNMT. We will investigate the binding properties of these hit flavonoids further.
Conclusion
We performed in silico screening using automated docking to find flavonoids as inhibitor candidates for hPNMT. Among 500 flavonoids, only 45 flavonoids were fit to the active site of hPNMT and final 9 flavonoids were chosen by two scoring function, LigScore and binding free energy (∆Gbind). 9 flavonoids formed two hydrogen bonds with side chain amide proton of Lys57 and backbone carbonyl oxygen of Asn39. Furthermore, they showed two important hydrophobic interactions with hPNMT. First one is aliphatic hydrophobic interaction with Arg44, Val53 and Leu262, and the second site is formed with Phe182, Ala186, Tyr222, and Val231. These results implied that flavonoids may be potent inhibitors of hPNMT as therapeutic agents and this study may offer a helpful strategy to design flavonoid inhibitors of hPNMT.
